Abstract --Currently, the trends in energy management are performance enhancement and increase in system reliability for the reduction of energy consumption. In this context, the integration of the gate driver within power transistors is particularly appropriate. This integration offers multiple advantages, from electrical and EMI performance improvement to power module size reduction, and reliability and functionality increase. This article presents a power MOSFET gate driver system developed with an approach which consists in including all the circuits required to drive a power switch on a single CMOS chip. The CMOS driver chip functionalities will be presented in this paper, and its design will be explained. Finally, experimental results of the fabricated chip used in a buck converter topology will be shown and discussed.
I. INTRODUCTION
Trends in power converters are to increase the switching frequencies in order to reduce the size of the passive components. MOSFETs are appropriate devices because they are superior to power BJTs and IGBTs in high frequency, low to medium voltage applications where the switching power losses can be dominant. Moreover, some devices are designed to be driven with a low voltage control. As it is shown in figure 1, several functions are required for a proper drive of power MOSFETs, such as a control signal insulation system, an amplification of the control signal, protection circuits and also a floating supply to deliver energy to these systems. Gate signal insulation systems in many power electronics circuits are classically achieved with a magnetic or piezoelectric transformer [1, 2] , a level shifter [3] , or can be integrated using an optical receiver [4, 5] or using a wireless HF transmitter [6] . Then, the amplification of the driving signal is needed as close as possible to the power transistor gate in order to minimize inductive effects and coupling resulting in increased commutation losses. The addition of protection circuits may prevent the component from its destruction in the event of an over voltage, a short circuit current or an operation over the temperature limit. At last and in order to supply these systems, an insulated low power floating supply is necessary.
With the help of VLSI (Very Large Scale Integration) complex functions can be integrated within a small silicon area, with specific insulation characteristics and separated from the power device, allowing operations at high voltage levels (kV). This paper presents the design, the characterization and the implementation of a CMOS driver chip, which integrates all the required functions to drive a power MOSFET. The integration of the supply of the whole system is usually a specific issue not often addressed in the integration process. To solve this concern, self supply systems have been developed along with different techniques like bootstrap [7] , charge pump [8] , or pulsed linear regulator [9] in a purpose of simplifying the implementation while increasing the reliability of the converter. These systems can be assembled in the power module or monolithically integrated inside the power device. These techniques have the advantage of offering good performance levels and a good reliability as interconnections are strongly reduced and simplified.
II. CMOS DRIVER CHIP DESIGN
The choice was made to include all the functions needed to drive a power MOSFET within a single and separate CMOS chip, sharing elements with the power device to drive. This is a good way to strongly reduce the interconnections among gate driver components, to simplify its implementation and increase its reliability. It allows eliminating most of the electrical connections (to the control, to the ground or external supplies), which drastically reduces the EMI coupling and parasitic propagation paths. As shown in figure 2, this CMOS device contains a remote control signal insulation system, a signal amplification circuit and a self supply system. The external gate signal is modulated and sent from the converter control unit into the integrated coreless transformer and then demodulated. The purpose of this transformer is only to guarantee an electrical insulation level between the control unit and the integrated driver. This transformer does not deliver the energy required for the switching of the power transistor, this energy being provided through the integrated self supply circuit. This demodulated gate signal is then amplified and applied to the main switching transistor. The amplification circuit is supplied with the help of a linear pulsed regulator system which requires only an auxiliary transistor and a storage capacitor [9] . The self supply transistor can be monolithically integrated in the same power chip, and the driver chip and the storage capacitor can be flip chipped at the surface of the power transistor with the appropriate footprint and surface metallization [14] . This will further simplify the implementation of power transistors compared to state of the art commercially available gate drivers, while improving their reliability and increasing their functionalities. 
A. Control signal insulation
The control signal insulation is carried out with a coreless transformer integrated onto the CMOS die ( Figure 3 ). This is a planar stacked type transformer taking advantage of the four metal layers available with the selected technology (AMS 0.35µm). It exhibits a high coupling coefficient together with a low self resonant frequency and needs less silicon area compared to other types of integrated transformers [10] . The primary winding is made with the outer metal layers because the potential of this winding is tied to the supply of the converter control unit which can be very different from the reference potential of the CMOS chip. This happens in the case where its related power device is a high side transistor, for example in a full bridge topology. The secondary winding is on the inner metal layers. The dielectric oxide thickness between the two windings is 2.6 µm, which offers an electrical insulation in the range of 1kV. The same electrical insulation is expected for the pads on the power chip which are drawn to receive the wire bonds bringing the control signal from the converter control unit. For this, these pads are insulated from the active region of the power transistor with a thick silicon nitride layer deposited by PECVD. To reduce Eddy currents in the substrate, N tubs were added under the transformer windings. Since the transformer does not have a magnetic core, the value of the magnetizing inductance is small and the signal sent into the transformer must be modulated at a high frequency. The chosen modulation technique is the Amplitude Modulation (AM) with a carrier frequency between 90 and 250MHz and a square wave modulator. This was chosen to simplify the demodulation circuit. The signal at the output of the transformer is applied to the demodulation circuit in order to extract the low frequency gate signal waveform. A 10ns delay between the demodulated and the initial gate signals was observed in simulation, which is small compared to the 160ns delay introduced by classical optic couplers such as the HCPL 2200/2219 [11] 
B. Self supply system
A new active control of the self supply voltage of the CMOS chip is implemented using the two functions integrated in both the CMOS die and the power device. Basically, the supply circuits derive the energy from the power transistor during its ON and OFF states. This is carried out with two different circuits, one operating during the ON state and one at the turn OFF switching transition of the power device to drive. The energy that is harvested is either regulated using a pulsed linear regulator [9] or converted using an integrated charge pump topology [12] . Besides their possible and easy integration, the combination of both supply techniques allows different type of operations from permanent switching to long term ON or OFF state. Moreover, only a small storage capacitor is needed next to the gate driver to filter the self supply voltage. The optimal size of the storage capacitor is calculated on the basis of the current consumption of the CMOS chip (10mA in average), the switching frequency of the power MOSFET, the tolerable voltage drop of the supply voltage (less than 1V), and the energy that can be gathered during the ON state. This leads practically to storage capacitors between 10nF and 100nF at 3.3V for switching operations from DC up to 500 kHz. Figure 5 shows the pulsed regulator system together with the monitoring circuit which can be easily integrated in the CMOS chip. The pulsed regulator is active when the main transistor is switched off, as a voltage Vgaux appears at the gate of the auxiliary transistor via the capacitor Cgd. This is the consequence of a positive dv/dt appearing across the power device while it is turning off. When this voltage reaches the auxiliary transistor threshold voltage level, this transistor is switched on and part of the load current flowing in the power device is directed into the storage capacitor, therefore recharging it. The monitoring circuit is an improvement of the state of the art. It helps controlling this recharge by comparing a fraction of the supply voltage with an internal reference voltage source. This gives the opportunity to enlarge the effective operating range of the self supply technique with respect to the power side operating conditions (V and I). When the capacitor voltage reaches the desired supply voltage level (3.3V), the state of the comparator changes and the auxiliary transistor is switched off, stopping the recharge. This is to mention that the gate voltage of the auxiliary switch cannot be switched ON but it can be shorted to interrupt the recharge sequence. As the main transistor switches ON, the RS latch is reset and the gate of the auxiliary transistor is left floating, thus allowing to be sensitive to the next recharge occurrence.
Nevertheless, this approach is known as being limited for operations at low frequencies or permanent ON state. Especially, the permanent ON state operation is not allowed as it would require an infinite storage capacitor. In order to widen operating conditions, permanent ON state self supply solutions were recently investigated [13] , in which the main transistor is partially switched OFF, therefore generating a recharge sequence of the storage capacitor. The new solution proposed here is to add a new system completing the pulsed regulator supply. This system is composed of a boost type charge pump circuit, which is activated only during the ON state of the main transistor ( figure 6 ). This circuit multiplies the low voltage available across the power switch while current is flowing trough it (supposedly close to 1V) in order to obtain a sufficient voltage to supply the CMOS chip. The connection between the power switch and the input of the charge pump circuit is made through a second auxiliary switch. The topology of the charge pump is given figure 6. As it can be seen, Cin and the switched capacitors C1 and C2 are integrated in the CMOS chip while Cout is the external storage capacitor. An internal command circuit made of a ring oscillator and a clock generator creates the command signals of the charge pump switches. With a switching frequency of 60MHz and an input voltage of 1,2V, the output voltage and delivered power levels of the charge pump circuit were estimated by simulation as a function of the gate width of the CMOS switches and the value of the switched capacitors ( figure 7 ). In the optimal case, an output power of 25mW was obtained, which is sufficient to supply the chip and consequently allowing a permanent ON state. Nevertheless, the output voltage of the charge pump is in the range of 2,5 to 3V, requiring to establish the nominal threshold voltage of the power device in comparable levels. This is addressed later in the paper. The efficiency of the charge pump circuit is about 50%, which is satisfactory since the energy is harvested from the conduction losses of the power device. Therefore, the overall efficiency of the converter is not deteriorated. The advantages of these self supply systems are a precise monitoring of the storage capacitor recharge sequence at main switch turn OFF and the possibility of a permanent ON state type of operation. This is a valuable extension of functionality compared to the state of the art. Moreover, it is important to point out that the energy used to supply the chip is harvested from both the conduction and commutation losses. As a result, in a mode of operation where the OFF state self supply does not increase the commutation losses, the efficiency of the converter stays the same and no external voltage source is needed to supply the chip, so the overall performance is increased.
C. Bipolar gate signal generation
Since this integrated driver supply can only be a positive voltage source, an integrated circuit based on a CMOS full bridge topology generates a three level signal to properly drive the gate of the power transistor. Each bridge arm is composed of several stages of CMOS inverters. The consecutive stages are of increasing size in order to amplify the gate signal as desired (figure 8) under very high dynamic conditions. The three levels signals are generated as follows: when the gate signal of the power transistor Vcom is high (ON state), the gate is connected to the supply VDD and the source to the ground, so that Vgs=+VDD (see qualitative waveforms on figure 8 ). When the gate signal goes low (OFF state), the gate is connected to the ground and the source must stay connected to the ground during the recharge sequence of the storage capacitor, then Vgs=0. This allows creating a path for the load current to be derived from the main switch into the storage capacitor. When the storage capacitor's recharge is complete, the inverted comparator's output Vtrig goes high (see figure 5) , the auxiliary switch is turned OFF and then the source is connected to VDD so that Vgs=-VDD. The design and layout of the CMOS chip were made with the microelectronic software Cadence, which offers high design reliability since accurate models for simulation are provided by the foundry (Austria MicroSystems), including temperature effects, worst case conditions and Monte Carlo analysis. These tools help the designer in circuit sizing and to anticipate on eventual failures due to environmental conditions. Figure 9 shows a microscope photography of the fabricated chip.
III. EXPERIMENTAL RESULTS

A. Integrated transformer characterization 1) Dielectric test
The insulation voltage of the integrated transformer was tested using a Tektronix 371A power curve tracer, which can deliver voltage pulses up to 3kV. To prevent floating pins, the two connections of the primary coil were short circuited. The secondary coil was also short circuited and a positive voltage has been applied between the primary and the secondary part of the transformer. A dielectric liquid has been deposited on the CMOS die in order to prevent the breakdown in air. The dielectric response of the transformer is shown on figure 10 , and it can be seen that a dielectric breakdown appears at approximately 1200V, which corresponds to the chosen insulation technique (see section II.A). 
2) Integrated transformer Scattering parameters measurement and comparison with the model
The S-parameters of the integrated transformer were plotted using a VNA (Vector Network Analyzer -Anritsu ME7808C, from 40MHz up to 110GHz) in a two orthogonal G-S port configuration. The measurements were conducted at IMEP in Grenoble, France. The S-parameters were also simulated using the software Agilent ADS (Advanced Design System) with the values of the model previously determined, the measurements were then compared to the model. Figure  11 shows the modulus of the measured S21 parameter corresponding to the transmission of the transformer from 40MHz to 40GHz, with a 50Ω impedance on both probes. It can be seen that two resonant frequencies appear at 490MHz and 890MHz, which can be interpreted as a better transmission of the transformer at these frequencies. From 5GHz to 40GHz, some other resonant frequencies appear, most likely due to the resonance of the inductances with small value capacitors. A similar behavior can be seen on figure 12 , showing the measured and simulated Smith chart of the S11 parameter corresponding to the reflection at the primary winding. It can be seen on figure 13 that the model of the primary winding fits the measurements from 40MHz to 400MHz, but differ around the first resonant frequencies. The model must then be modified and a physical explanation of these resonances must be found. However, for a low frequency range (40MHz -400MHz), the model is well suited and our design is validated. Those measurements are also helpful to determine resonant frequencies at which an optimal transmission of the transformer can be achieved. 3) Test of the demodulation circuit A modulated sinusoidal signal using the modulation technique described in section II-A was applied to the primary side of the transformer as shown in figure 13 in order to validate the demodulation circuit and to measure its delay. The modulated signal was generated using a 100MHz signal generator. Figure 13 shows that at a 90MHz frequency of the sinusoidal signal, the amplitude at the primary side of the transformer must be around 15V in order to achieve a proper demodulation. Figure 14 gives an explanation of this requirement by showing the secondary side voltage of the transformer. As it can be seen, the signal losses in the transformer are considerable since the amplitude of the secondary side voltage is only 6V. This can be due to the frequency of the modulated signal, as it has been seen in the previous section that the first resonant frequency of the transformer is 490MHz. Another solution would be to improve the impedance matching between the modulator and the primary side, and also between the secondary side and the demodulation circuit. In order to decrease the losses in the signal transmission, a modulation circuit operating at the resonant frequency of the transformer must be designed, or the transformer must be redesigned in order to lower its resonant frequency and to adjust its input and output impedances matching. As a circuit which generates 3V amplitude at a 500MHz frequency is hard to achieve and would also increase the energy consumption of the system, the other solutions will be investigated in a future version of the CMOS chip. Nevertheless, figure 13 shows a proper operation of the demodulation circuit, and a 10ns delay between the modulated and demodulated signals observed in simulation is confirmed by this experiment. 
B. Self supply system
The CMOS driver chip has been implemented on a planar assembly on PCB. Its behavior has been characterized while implemented in a DC-DC buck converter topology where the source terminal of the power switch is connected to ground at first for measurement simplifications. The power part includes the main switching power transistor with voltage and current ratings of 300V, 1A respectively and two smaller auxiliary transistors for the ON and OFF state self supply systems. These devices have a low threshold voltage as they must have logic command levels (gate threshold voltage lower than 1V) in order to be compatible with a 3.3V CMOS logic voltage of the command. This assembly is only temporary and for the first demonstration of the functions, since the final integrated module will be in 3D as it is described in [14] . The converter power supply voltage is 60V with a R-L load of 100Ω, 250µH respectively, thus an average current of 300mA is flowing through the load.
1) OFF state self supply system
In order to have good observation conditions of the charge and discharge sequences of the storage capacitor, figure 15 shows a switching period of the previously mentioned converter with the self supplied CMOS driver chip where the switching frequency has been reduced to 6 kHz. It can be clearly seen that all the integrated functions are working properly (recharge sequences for the self supply, three level gate signal). The OFF state self supply system can also operate at higher switching frequencies, with the additional advantage of requiring a lower value of the storage capacitor as shown in figure 16. The global efficiency of the previously described buck converter with the self supply system has been measured and compared to the global efficiency of the same converter taking into account the power of an external voltage source supplying the command chip. The chosen switching frequency was 250 kHz for a load current of 0,25A and a 100nF storage capacitor value. The results of this experiment are shown in figure 17. As it can be seen, the efficiency of the converter is better with an external source supplying the command compared to when the command is self supplied. This can be explained by the low load current allowed by the transistors used, thus slowly recharging the storage capacitor in the case of a self supply. Commutation losses are then increased compared to the case of an external supply source. Furthermore the switching frequency is high, making the commutation losses predominant in the efficiency. We are currently trying to make measurements in other modes of operation and with a higher load current in order to demonstrate that efficiency is not always deteriorated by the self supply but only in some cases, as we already have demonstrated with other integrated self supply techniques [9] . This will be possible with the fabrication of the dedicated power components described in [14] in a near future. 3) ON state self supply system The command systems of the charge pump circuit were tested and observations showed a good operation of both the ring oscillator and the control circuit. As shown in figure 18 , the ring oscillator is active only when the gate signal is high, thus the power switch being in the ON state. The output power of the charge pump circuit was estimated in the case of a permanent ON state mode of operation and compared to the simulation results. The measured current consumption of the command chip in this mode of operation was 9.1mA with a voltage of 3.3V, so a power consumption of 30mW. Figure  19 shows the measured output power of the charge pump circuit as a function of its input voltage. It can be seen that an input voltage of 2.4V is required to obtain an output power of 30mW, and thus to self supply the chip in a permanent ON state. However, a lower input voltage applied to self supply the chip in the case of a long or permanent ON state is possible as the consumption of the chip decreases when its supply voltage is lower. Thus, experiments have shown that a chip can be supplied with an input voltage of the charge pump circuit as low as 1,5V. A gate drive circuit for power MOSFET transistors has been introduced in this paper. It includes the integration of the insulation of the remote control signal, two self supply systems, and several driving functions including bipolar gate source voltage generation. Experimental results of the fabricated CMOS chip have been shown and explained in order to illustrate and to validate some of the chosen approaches. The results show a good operation of the demodulation circuit of the gate signal, bipolar gate signal generation, and the control circuits of the OFF and ON state self supplies. Efficiency of the OFF state self supply must be observed at a higher load current in order to validate the hypothesis that the efficiency of the converter is not deteriorated compared to an external voltage source to supply the command. This will be possible with the fabrication of dedicated power components in a near future. These results are nonetheless encouraging, especially due to the full integration of all required gate driving systems. This integrated CMOS driver allows external supply, control, and driving systems to be no longer required. This will greatly simplify the implementation of the power devices in multiple transistor applications as described in [15] as well as improving the global reliability of the converter.
